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ABSTRACT The folding reactions of many small, globular
proteins exhibit two-state kinetics, in which the folded and
unfolded states interconvert readily without observable inter-
mediates. Typically, the free energy difference, AG, between
the native and denatured states of such a protein is quite small,
lying in the range of approximately —5 to —15 kcal/mol. We
point out that, under these circumstances, a population of
native-like molecules will persist, even in the presence of
mutations sufficiently destabilizing to change the sign of AG.
Therefore, it is not energy per se that determines conformation.
A corollary to this argument is that specificity—not stability—
would be the more informative focus in future folding studies.

A protein molecule adopts its unique, three-dimensional
equilibrium structure spontaneously under physiological
conditions in many (1), if not all (2), cases. This native
structure can be denatured readily by elevated temperature
or perturbing solvents, both of which induce chain disorder
but leave covalent bonds intact (3, 4). The transition of the
polypeptide chain from a disordered, nonnative state to the
ordered, native state is called protein folding. It is well
established (5) that the information necessary to drive this
reversible disorder <> order transition is encrypted solely
within the linear amino acid sequence; hence, the structure of
a protein is implicit in the gene that encodes it.

Despite intense research, a generalized mechanistic under-
standing of the folding transition remains obscure, and the
protein folding problem—to understand how the amino acid
sequence specifies the three-dimensional structure—has yet
to be solved. Driven by the promise of protein engineering (6)
and the prospect of the human genome project (7), this
problem has emerged as one of the 20th century’s most
significant scientific challenges. Recently, the so-called in-
verse folding problem—prediction of sequences that can
adopt a given fold—has also received much attention (8-11).
In the following, we examine some current thinking about the
folding problem and propose an additional paradigm.

The Thermodynamic Point of View

The folding problem was first recognized more than half a
century ago (12). Since Kauzmann (13), this has been the
central question: what are the determinants of protein sta-
bility (14)? This question is epitomized in the thermodynamic
hypothesis of Anfinsen, which asserts that the folded state of
a globular protein resides at a global minimum of free energy
Q).

Thermodynamic measurements of proteins have been par-
ticularly informative, due in large part to the observation that
the folding transition is two-state, or nearly two-state, with a
negligible population of stable intermediates in most cases
(15). That is, at the midpoint of the folding transition, half the
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molecules are folded (N) and half are unfolded (U). This fact
of nature simplifies protein thermodynamics by allowing the
folding reaction to be represented as U <> N, with equilibrium
constant Keq = [N]/[U]. The difference in free energy be-
tween the native and unfolded states is then given by AG =
—RTIn K4, where R is the gas constant and T is the absolute
temperature. For globular proteins, typical values of AG are
quite small; they lie in the range of —5 to —15 kcal/mol (16).

The Structural Point of View

We now highlight a more structurally related question: what
are the determinants of protein conformation? This ostensi-
bly modest change in emphasis results in a dramatic shift in
focus and interpretation.

There is a profound organizing aspect of two-state behavior
that is often overlooked: proteins are either folded in a
native-like manner or not folded at all. As a familiar example,
lysozyme and ribonuclease have similar molecular weights
and compositions but very different folds; mutations that
destabilize lysozyme push the folding equilibrium toward
unfolded lysozyme, not toward folded ribonuclease. At equi-
librium, the reaction U < N represents a partitioning be-
tween an ensemble that lacks some property indicative of the
folded state and a unique native structure that exhibits that
property.

Mutational studies afford a versatile means to probe pro-
tein structure (17). Reports from many recent studies (18-24)
are well summarized as follows: single-site mutations gener-
ally result in small but measurable changes in structure,
function, or stability, but they do not affect two-state behav-
ior materially. In the usual thermodynamic interpretation of
such experiments, if a single mutation destabilizes a protein
by 1-2 kcal/mol (a typical change) and if the difference in free
energy between native and denatured states is =8 kcal/mol
(a typical AG), then a few such mutations might be expected
to destabilize the molecule altogether (i.e., AG > 0).

Logically, the persistence of two-state behavior implies
that a population of native-like molecules will exist, even in
the presence of the most destabilizing mutations. Thus, the
overall conformation of a protein is independent of its sta-
bility. This conclusion is no mere exercise in logic. For
example, excision of a protein fragment is expected to be
radically destabilizing. Yet, two decades ago, work of Sachs
et al. (25) showed that antibodies raised against intact staph-
ylococcal nuclease could still recognize a short, isolated
fragment of the polypeptide.

To emphasize this point, suppose that several destabilizing
mutations were introduced, shifting the equilibrium constant
so that AG = +5.5 kcal/mol. Assuming two-state behavior at
physiological RT, only 1 molecule in =10,000 would adopt
the native conformation; the remaining 9999 would be un-
folded. Despite greatly diminished stability, the mechanistic
question about determinants of conformation persists; that is,
why does the rare folded species still adopt a native-like fold?
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In essence, there are two separable questions, one ther-
modynamic, the other structural: (/) why do proteins fold at
all, and (ii) what is the source of conformational specificity
(i.e., the stereochemical code that directs a protein to adopt
its native fold in preference to some other)? That is, why does
lysozyme adopt the lysozyme fold and not the ribonuclease
fold? Our current understanding of factors that contribute to
stability, as analyzed in work from Kauzmann (13) to Dill
(26), may have already answered the first question. We turn
now to the second.

What is the origin of conformational specificity? One
attractive candidate has been internal packing. Globular
proteins are known to have mean packing densities reminis-
cent of solids, a consequence of the exquisite complemen-
tarity between interior side chains, which fit together like
pieces of a three-dimensional jigsaw puzzle (27). This exper-
imental fact can be interpreted to mean that protein confor-
mation is linked tightly to internal packing. According to this
interpretation, lysozyme adopts the lysozyme fold and not
the ribonuclease fold because efficient internal packing can
be achieved only in the former case.

Earlier, we tested this view by analyzing patterns of
complementarity within proteins of known structure (28).
Our analysis led to the surprising conclusion that efficient
packing is readily attained among clusters of the naturally
occurring hydrophobic amino acid residues. The result im-
plies that good packing—an undeniable experimental fact—is
not the major determinant of conformation. Of course, given
that the protein is folded, the molecular interior is expected
to be well-packed. Were it not, then dispersion forces would
favor denaturation, since presumably efficient packing could
be achieved between protein and solvent in the denatured
state. However, the fact that complementary internal packing
exists need not imply that packing per se determines confor-
mation; and, indeed, our analysis, together with many mu-
tational experiments (18—24), indicates that, in general, pack-
ing is not the dominant factor.

This is not to say that alternative packing arrangements are
isoenergetic. Indeed, mutations usually lead to measurable
changes—most often a decrease—in stability (18-24).

In short, while packing does modulate the conformational
equilibrium between folding and unfolding (question i), it
does not appear to be the primary source of conformational
specificity (question ii). What then is?

A Stereochemical Code for Protein Folding

The determinants that control overall conformation could be
encoded within the amino acid sequence in either of two
extreme formats: centralized or distributed. In centralized
control, where several discrete sites (‘ ‘tender spots’’) specify
the fold, structural integrity could be expected to withstand
most mutations, but alteration of a tender spot would result
in conformational ‘‘catastrophe.”’ In distributed control,
conformation would be determined—and most probably
overdetermined—by information throughout the sequence,
and in this case information needed to specify the fold would
be expected to survive alteration or deletion of a few resi-
dues. The mutational experiments discussed previously (18—
24), in which typical residue substitutions range over the
entire molecule and have little impact on the overall fold, are
more suggestive of distributed control.

It is plausible that conformational specificity is imposed
through a redundant stereochemical code that arises from the
interplay between the shape and polarity of residue side
chains and secondary structure conformation. Initial evi-
dence for such a code is now emerging in the case of helices.
Capping of helix termini involves residue polarity (29-31),
whereas residue preferences at central positions of the helix
are governed largely by side chain shape, in the form of
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conformational restrictions imposed by the bulky helix back-
bone (32). For example, valine can populate all three side
chain conformers (gauche™, gauche™, trans) in the unfolded
state, but this B-branched side chain is restricted to essen-
tially one conformer (trans) in a helix (32). The corresponding
energy loss (TAS), due solely to the reduction in side chain
configurational entropy, is =RT In 3, approximating physi-
ological RT. Such energy terms cause residues to favor one
type of secondary structure over others, and, while individ-
ually modest, they are substantial in the aggregate.

This postulated stereochemical code, with the protein fold
determined by a large number of individually small interac-
tions, represents a robust, distributed folding mechanism.
Further, in such a code, mediation of conformational spec-
ificity would not be coupled tightly to folding stability,
although factors that stabilize a given element of secondary
structure would, in general, be expected to stabilize the entire
molecule (R. J. Pinker, G.D.R., and N. R. Kallenbach, un-
published results).

In sum, we propose that the derivation of a reliable strategy
to predict structure from sequence will depend critically upon
elucidation of the stereochemical code that underlies confor-
mational specificity.
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